ABSTRACT: Metal−organic frameworks (MOFs) based on Ti-oxo clusters (Ti-MOFs) represent a naturally self-assembled superlattice of TiO 2 nanoparticles separated by designable organic linkers as antenna chromophores, epitomizing a promising platform for solar energy conversion. However, despite the vast, diverse, and well-developed Ti-cluster chemistry, only a scarce number of Ti-MOFs have been documented. The synthetic conditions of most Ti-based clusters are incompatible with those required for MOF crystallization, which has severely limited the development of Ti-MOFs. This challenge has been met herein by the discovery of the [Ti 8 Zr 2 O 12 (COO) 16 ] cluster as a nearly ideal building unit for photoactive MOFs. A family of isoreticular photoactive MOFs were assembled, and their orbital alignments were fine-tuned by rational functionalization of organic linkers under computational guidance. These MOFs demonstrate high porosity, excellent chemical stability, tunable photoresponse, and good activity toward photocatalytic hydrogen evolution reactions. The discovery of the [Ti 8 Zr 2 O 12 (COO) 16 ] cluster and the facile construction of photoactive MOFs from this cluster shall pave the way for the development of future Ti-MOF-based photocatalysts.
■ INTRODUCTION
Mimicking natural photosynthesis using artificial chemical systems to harness solar energy is an appealing alternative to address increasing global energy demands and dwindling fossil fuel supplies. 1 Since the discovery of water splitting on TiO 2 photoelectrodes by Fujishima and Honda in 1972, 2 researchers have been attempting to develop artificial systems to perform similar photochemical reactions using simple inorganic and/or organic materials. 3, 4 Although a large number of materials have already been explored, TiO 2 is still considered one of the most successful photocatalysts due to its high efficiency, chemical stability, earth abundance, and relatively low toxicity. 5 Among the numerous photocatalytic systems, metal−organic frameworks (MOFs) are a unique class of materials owing to their crystalline nature, high porosity, and tunable functionality. 6−9 Highly crystalline MOF structures represent a naturally self-assembled superlattice of metal oxide nanoparticles in which identical metal oxide clusters are stabilized from coalescence by connecting ligands. The distance and orientation of metal oxide clusters can be precisely determined via X-ray crystallography, allowing for theoretical prediction of electronic coupling and energy transfer. The optical response, electronic valence, and conduction level alignment of MOFs can be fine-tuned by judicious selection of specific metal oxide nodes and photoactive organic linkers. Most importantly, the designable cluster-linker arrangement potentially mimics the photosystems, in which photon collection and subsequent energy transfer are realized by highly ordered pigment−protein complexes. Similarly, the structural motifs for photosensitization and catalytic sites can be constructed in close proximity within MOFs where short-lived electrons and holes can be consumed before recombination. Additionally, the porosity of MOFs facilitates the diffusion of substrates and products through MOF channels, making them ideal heterogeneous photocatalysts. 10 Therefore, the application of MOFs in heterogeneous photocatalysis for hydrogen generation, CO 2 reduction, and organic transformations has attracted increasing attention in recent years.
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In this context, Ti-oxo clusters, with good chemical stability, redox activity, and photocatalytic properties, appear to be attractive building units to construct photoactive MOFs. 12 The tetravalent Ti 4+ cation tends to form strong coordination bonds with carboxylate linkers, ensuring framework stability and structural intactness during catalytic reactions. The titaniumoxo clusters act as analogues of TiO 2 nanoparticles, which endow the titanium-oxo-based MOF with photocatalytic activity. 13, 14 Although they are highly desired, only a few examples of Ti-MOFs have been reported to date. 13,15−20 One representative example is MIL-125, 13 which has been extensively studied as a photocatalyst for water reduction, 21 CO 2 reduction, 22 and organic transformations. 23 The synthetic challenges of Ti-MOFs are attributed to the sensitivity of Ticlusters to reaction conditions, and in many cases, the incompatibility of cluster formation conditions with those required for MOF crystallization. On the other hand, the robust hexa-nuclear [Zr 6 O 4 (OH) 4 (COO) 12 ] cluster has allowed for the design and construction of various Zr-MOFs through isoreticular chemistry. 24, 25 However, the catalytic performance of Zr-MOFs is far below that of their Ti-based analogues due to the short excitation state lifetime and severe charge recombination. 26 This encourages us to discover a suitable cluster to construct a photoactive MOF system that combines the advantages of Zr-MOFs (i.e., facile design and synthesis) and Ti-MOFs (i.e., high photoactivity). While existing Ti-oxo clusters or Zr-oxo clusters in the literature do not meet these requirements, a combination of two metals into a bimetallic cluster has brought new opportunities. 
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Research Article geometries, depending on the synthetic conditions such as the metal/ligand ratio, solvent, reaction time, temperature, and pressure. Although numerous molecular Ti-clusters have been documented, it has been difficult to directly utilize them as starting building blocks for MOF synthesis. 12 The main reason is the sensitivity of cluster formation to reaction conditions, and, in many cases, the incompatibility of such conditions with those required for MOF synthesis and crystallization.
14 For example, many Ti-oxo-clusters crystallize in acetonitrile or methanol, whereas N,N-dimethylformamide (DMF) is usually required as solvent for the synthesis of MOFs. In addition, some Ti-oxo-clusters terminated by alkoxides are watersensitive which are prone to undergo fast and spontaneous hydrolysis during MOF synthesis. These limitations have largely prevented the incorporation of vast, diverse Ti-oxoclusters into MOF structures.
In contrast, the [Zr 6 O 4 (OH) 4 (COO) 12 ] cluster ( Figure 1a ) has been shown to be a nearly ideal inorganic building unit for the construction of MOFs. 24 Various MOFs based on the [Zr 6 O 4 (OH) 4 (COO) 12 ] cluster have been synthesized under similar synthetic conditions. 25,28−31 This encourages us to find a Ti-containing cluster with behavior similar to [Zr 6 O 4 (OH) 4 -(COO) 12 ] for MOF synthesis. 32 Efforts were made in our group to build Ti-MOFs using existing Ti-oxo clusters in the literature but to no avail. These clusters tend to dissociate or transform during the MOF synthesis. 15 While existing monometallic clusters do not meet the requirement for MOF synthesis, bimetallic clusters have brought new opportunities. (Table  S1 ). Structure analysis reveals that the bimetallic decanuclear cluster is composed of a Ti 8 16 ] cluster was adopted as the starting material because of its good solubility in DMF. The preformed cluster as starting material is the key for the formation of pure PCN-415 because it eliminates numerous competing side reactions. For comparison, the synthesis of PCN-415 was attempted using a mixture of stoichiometric Zr 4+ and Ti 4+ metal salts which leads to low crystallinity PCN-415 with UiO-66 impurity. In addition, an excess amount of carboxylic acid as modulating reagent is also necessary for the formation of a highly crystalline product. The carboxylic acid acts as a modulator that competitively coordinates with the metals and slows down crystal growth to help produce highly crystalline products. Furthermore, isoreticular expansion of PCN-415 can be realized by elongation of BDC into 2,6-naphthalenedicarboxylate (NDC), which gives rise to an isoreticular MOF, PCN-416 (Figures 1j and S3 ).
Since the crystal sizes of PCN-415 and −416 are too small for single crystal X-ray diffraction, their structures are directly solved from continuous rotation electron diffraction (cRED) and confirmed by Rietveld refinement against synchrotron PXRD data ( 
Research Article 3b) to form a three-dimensional (3D) framework (Figure 3c ). There is a tetragonal cage with a diameter of 9 Å and an octahedral cage with a diameter of 11 Å (Figure 3e,f) . Two types of symmetrically independent BDC linkers are observed. Topologically, a pair of parallel BDC linkers within the equatorial plane is regarded as one edge. Therefore, eight equatorial BDC linkers are simplified into four edges. On the other hand, eight BDC linkers above and below the equatorial plane are simplified into eight edges. As a result, the [Ti 8 Zr 2 O 12 (COO) 16 ] cluster acts as a 12-connected node, affording a network with fcu topology (Figure 3d) . 33 16 ] cluster and elongated linkers. The distance between each pair of parallel NDC linkers is 3.5 Å, indicating a π−π interaction between naphthalene moieties. A small tetragonal cage and large octahedral cage were observed in PCN-416 with diameters of 11 and 13 Å, respectively. Since PCN-416 is an isoreticular expansion of PCN-415, they share the same fcu topology.
Porosity and Stability. −O (M = Ti or Zr) bond and the highly connected cluster, which resist the attack of water and other guest species.
Engineering of Optical Response. The optical band gap of PCN-415 was calculated to be 3.3 eV based on the UV−vis spectrum ( Figure S15a) , indicating no adsorption in the visible light range. This has limited the application of PCN-415 in visible-light-induced catalysis. The amine-functionalized BDC linkers were reported to provide an extra absorption band in the visible region, which has been encountered in UiO-66 37, 38 and MIL-125. 22, 39 Therefore, the optical response of PCN-415 was tuned by introducing amino groups on the BDC linker.
PCN-415 with different concentrations of monoaminated BDC-NH 2 (2-aminoterephthalate, Figure S12 ) was synthesized by varying the ratios of BDC-NH 2 in the starting material (i.e., 30%, 50%, 70%, and 100%). The resulting MOFs were named PCN-415-(NH 2 ) 0.3 , PCN-415-(NH 2 ) 0.5 , PCN-415-(NH 2 ) 0.7 , and PCN-415-NH 2 , respectively. In addition, the diamine functionalized PCN-415-(2NH 2 ) 0.5 was also synthesized by introducing 50% of diaminated BDC-2NH 2 (2,5-diaminoterephthalate). The amine functionalized derivatives possess the same structure as PCN-415 as suggested by PXRD patterns ( Figure S13 ) and N 2 adsorption isotherms (Figures 4a and   S14 ). UV−vis spectra indicate an obvious red shift of absorption peaks and a reduction of band gap upon the introduction of amino groups (Figure 4b ). The absorption onsets (from 544 to 623 nm) and band gaps (from 2.28 to 1.99 eV) do not largely vary for all of the monoaminated samples, but the molar extinction coefficient notably increased with increasing BDC-NH 2 contents ( Figure S15b ). This feature was reflected in the physical appearance, which shows increased yellow color intensity with increasing amount of BDC-NH 2 . The diamine functionalized sample, PCN-415-(2NH 2 ) 0.5 , shows a further band gap decrease with an optical band gap of 1.2 eV (Figure S15c ), shifting the absorption onset to the red/IR region. The flat-band potential of PCN-415 and its amine functionalized derivatives are similar (∼0.5 eV) as determined by the Mott−Schottky plots ( Figure S16 ). PCN-416, with naphthalene moieties, have inherent visible light absorption ( Figures S17 and S18) . The band gap of PCN-416 could be further narrowed by introducing amino groups on the NDC linker ( Figures S19 and S20) . The photocurrent response of PCN-415 toward visible light also increased by the amino groups ( Figure S21 ). 
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To understand the origin of band gap reduction by amino functionalization, electronic structure calculations were performed for PCN-415 and its derivatives using density functional theory (DFT). The calculated band gap of PCN-415 is larger than that of PCN-415-NH 2 indicating that the introduction of -NH 2 decreases the band gap. By shifting the Fermi level to align the conduction band minimums (CBMs) of the two structures, one can find that the band gap decrease is attributed to the midgap flat bands generated in PCN-415-NH 2 ( Figure  4c ). The comparison of density of states (DOSs) for PCN-415 and PCN-415-NH 2 further illustrates this point (Figure 4d) . The upper valence bands (VBs) are composed of BDC aromatic 2p orbitals, while bottom conduction bands (CBs) are dominated by the Ti 3d orbitals. Therefore, the excitation of PCN-415 by UV light transfers the electron from VBs at BDC to CBs at Ti, corresponding to the ligand to metal charge transfer (LMCT). Introducing amino groups on the BDC linker pushes the VB into a high energy occupied state. Midgap states were introduced into the band gap that corresponded to the N and C 2p orbitals from BDC-NH 2 ( Figure S22a−c) . On the other hand, the CBs are minimally affected by the amino groups on the linkers, which matched well with the Mott− Schottky plots. This phenomenon is a close remittance of the N doped TiO 2 in which the N 2p orbital created the midgap band to narrow the overall band gap. The diamine functionalized sample shows further reduced band gap because of the strong electron donating characteristics of aromatic diamines ( Figure  S22d ). The contributions of ligand orbitals to the CBs are also increased in the diamine functionalized sample, suggesting an increased proportion of ligand based excitation as compared to LMCT. The calculated band gap of PCN-416 is inherently smaller than that of PCN-415, which was further reduced by amino functionalization ( Figure S22) . Overall, the localized electronic modification results in flat bands in k-space, indicating the absence of long-range interactions. The CBM and valence band maximum (VBM) in MOFs can be regarded as the lowest unoccupied and highest occupied molecular orbitals (LUMO and HOMO), respectively. Although the terms for semiconductors (VB, CB, and band gap) have been commonly used to describe MOFs, theoretical studies indicated the insulating nature of PCN-415, as suggested by the localized electronic states.
Photochemical Hydrogen Production. With the high porosity, excellent chemical stability, tunable optical response, and photoactive clusters, PCN-415 and PCN-416 provide ideal platforms for the design of MOF photocatalysts. As a proof of concept, the photochemical hydrogen production catalyzed by PCN-415 and its derivatives was tested. The photocatalytic hydrogen generation was performed in acetonitrile and H 2 O with triethanolamine (TEOA) as a sacrificial agent and Pt nanoparticles as cocatalysts under 300 W Xe lamp equipped with a UV cutoff filter (λ > 380 nm) ( Figure S23 ). The formation of H 2 was detected by gas chromatography (GC). No H 2 was detected in the dark showing the photocatalytic nature of the reaction. The inactivity of the parent PCN-415 under the same conditions confirms that the photocatalytic activity is attributed to the amino functionality. The H 2 generation efficiency notably increased with the BDC-NH 2 content and then leveled off. Among all the tested materials, PCN-415-NH 2 shows the highest activity with an H 2 evolution rate of 594 μmol g −1 h −1 (Table 1) . To test the photocatalytic stability of PCN-415-NH 2 , cycling experiments were conducted. The catalytic activity was well-maintained after three cycles (Table S6 ). The PXRD patterns after the photocatalytic reaction reveal the stability of PCN-415 during the reaction ( Figure S24 ). Although the diamine functionalized samples have small band gaps and strong visible light absorption, they show relatively low activity. In fact, the excitations of PCN-415-(2NH 2 ) 0.5 and PCN-416-(2NH 2 ) 0.5 are more ligand-based instead of LMCT, which have a short lifetime accounting for the low catalytic performance. This is in line with the computational results, which suggested significant contributions of ligand orbitals to both VBs and CBs. Therefore, the photocatalytic activity of MOFs cannot be directly correlated with band gaps. For comparison, the performance of UiO-66-NH 2 was also tested as a Zr-only analogue of PCN-415-NH 2 which showed much lower activity (Table S7 ). This result highlights the effect of Ti 4+ in PCN-415 as a photoactive species for photochemical hydrogen production.
In order to investigate the nature of excited states in the PCN-415-NH 2 , we carried out transient absorption spectroscopy (TAS) and electron paramagnetic resonance (EPR) spectroscopy measurements. For EPR studies, PCN-415-NH 2 was subjected to conditions similar to those during photocatalytic reaction but without Pt cocatalysts. Illuminating PCN-415-NH 2 leads to the appearance of an intense paramagnetic signal ascribed to Ti 3+ ( Figure S25 ). This is in line with the observation that the color of the reaction suspension changes from the original yellow to green upon light irradiation, and quickly changed back upon exposure to O 2 ( Figure S26 ). UiO-66-NH 2 exposed to the same conditions did not develop any additional paramagnetic features upon illumination. The EPR results suggest that light irradiation promotes transfer of photogenerated electrons from the excited BDC-NH 2 to the [Ti 8 Zr 2 O 12 (COO) 16 ] cluster, resulting in the formation of Ti 3+ species. Transient absorption spectroscopy (TAS) was further applied to study the lifetime of the excited states. Excitation of PCN-415-NH 2 at 400 nm results in an intense transient signal with a maximum at 580 nm with a moderately long lifetime of up to 9 ns ( Figure S27 ). For comparison, the UiO-66-NH 2 shows a broad transient signal at 750 nm which decays rapidly within 10 ps. The main difference between the PCN-415-NH 2 and UiO-66-NH 2 is the occurrence of absorption bands at much lower wavelengths, which is tentatively assigned to the stabilized holes on the linker and the formation of Ti 3+ species. On the basis of these results and literature, an LMCT mechanism was proposed for the hydrogen generation reaction ( Figure S28 ). The BDC-NH 2 linkers serve as antennas to absorb light and transfer the photoexcited electrons to the 12 ] cluster, which promises the construction of various robust and photoactive MOFs. In addition, the facile synthesis of versatile Ticontaining MOFs shall accelerate the development of MOFbased photocatalysts.
